ADAM9 is an active member of the family of transmembrane ADAMs (a disintegrin and metalloproteases). It plays a role in processes such as bone formation and retinal neovascularization, and importantly, its expression in human cancers correlates with disease stage and poor prognosis. Functionally, ADAM9 can cleave several transmembrane proteins, thereby shedding their ectodomains from the cell surface. Moreover, ADAM9 regulates cell behavior by binding cell-surface receptors such as integrin and membrane-type matrix metalloproteases. Because these functions are mainly restricted to the cell surface, understanding the mechanisms regulating ADAM9 localization and activity at this site is highly important. To this end, we here investigated how intracellular trafficking regulates ADAM9 availability at the cell surface. We found that ADAM9 undergoes constitutive clathrin-dependent internalization and subsequent degradation or recycling to the plasma membrane. We confirmed previous findings of an interaction between ADAM9 and the intracellular sorting protein, sorting nexin 9 (SNX9), as well as its close homolog SNX18. Knockdown of either SNX9 or SNX18 had no apparent effects on ADAM9 internalization or recycling. However, double knockdown of SNX9 and SNX18 decreased ADAM9 internalization significantly, demonstrating a redundant role in this process. Moreover, SNX9 knockdown revealed a nonredundant effect on overall ADAM9 protein levels, resulting in increased ADAM9 levels at the cell surface, and a corresponding increase in the shedding of Ephrin receptor B4, a well-known ADAM9 substrate. Together, our findings demonstrate that intracellular SNX9-mediated trafficking constitutes an important ADAM9 regulatory pathway.
ADAMs 5 (a disintegrin and metalloproteases) are important cell-surface proteases involved in ectodomain shedding of numerous transmembrane proteins, such as growth factors, cytokines, and cell-surface receptors. In addition, ADAMs possess nonproteolytic activities regulating cell-cell and cell-extracellular matrix interactions. Through these processes, ADAMs are central players during development, in normal tissue homeostasis, and in many pathological conditions (1) (2) (3) . ADAM9 is one of the proteolytically active ADAM family members (4) , implicated in cell-surface shedding of transmembrane proteins such as epidermal growth factor (EGF) (5) , fibroblast growth factor receptor 2 (FGFR2) (6) , and the ephrin receptor B4 (EphB4) (7) . ADAM9 has a broad tissue expression profile (8, 9) , and is involved in processes like osteogenesis and retinal neovascularization (6, 7) . Importantly, its expression is up-regulated in a variety of human cancers (10 -12) , correlating with disease stage and patient prognosis (13) (14) (15) . In line with these findings, ADAM9 promotes tumor progression in mouse models (5) and several in vitro studies have implicated ADAM9 in the regulation of tumor cell proliferation and invasion, thereby contributing to the aggressive phenotype of cancer cells (16 -21) .
As ADAM9 functions are primarily executed at the plasma membrane (22) , its cell-surface availability is key for its biological actions. It is well-described that transport of ADAM proteases through the secretory pathway and cleavage of their prodomain by pro-protein convertases in the trans-Golgi ensure delivery of active mature proteases to the plasma membrane (4, 23, 24) . However, the removal of ADAMs from the cell surface is much less studied. Recently, it has been shown that ADAMs, similarly to other membrane proteins undergo endocytosis (3, 25) . This serves as an additional regulatory level, controlling surface availability and thereby ADAM actions at the plasma membrane. Several endocytic pathways have been identified, with clathrin-mediated endocytosis (CME) receiving the main attention (26) . We previously reported ADAM12 to be constitutively endocytosed through a clathrin-dependent pathway (3) . Similarly, ADAM10 is removed from the plasma membrane via CME (25) . However, both the route and mechanism of endocytosis for ADAM9 remain unresolved.
Given the important functions of ADAM9 at the cell surface, we set out to characterize how ADAM9 cell-surface availability is regulated. We demonstrate that ADAM9 undergoes constitutive CME, followed by partial recycling to the plasma membrane. We verified previous findings demonstrating a proteinprotein interaction between ADAM9 and the intracellular sorting protein and known endocytic regulator sorting nexin (SNX) 9 (27) , as well as its close homolog SNX18. Importantly, siRNA-mediated SNX9 and SNX18 double knockdown decreased ADAM9 internalization. Moreover, SNX9 knockdown up-regulated ADAM9 protein levels including at the cell surface, resulting in increased ectodomain shedding of the ADAM9 substrate EphB4. Together, these findings highlight intracellular trafficking and SNX9 as important ADAM9 regulatory components.
Results

ADAM9 is constitutively internalized in a clathrin-dependent manner
ADAM9 exerts important functions at the cell surface. Yet, how cell-surface levels of ADAM9 are regulated by endocytic mechanisms is presently unknown. To investigate ADAM9 endocytosis, we used MDA-MB-231 human breast carcinoma cells, which express ample amounts of endogenous ADAM9. Cell-surface proteins were labeled with cleavable biotin and the internalization, recycling, and degradation of biotinylated proteins were investigated by streptavidin pulldown and subsequent Western blotting. A substantial amount of mature ADAM9 was observed at the plasma membrane, whereas both pro (ϳ100 kDa) and mature forms (ϳ84 kDa) of ADAM9 were detected in total cell lysates. Time-dependent constitutive internalization of ADAM9 was observed, with internalized ADAM9 detected as early as after 15 min and reaching a plateau after ϳ30 -60 min ( Fig. 1A) .
To examine the pathway of ADAM9 internalization, we first used the small molecule inhibitor Pitstop2, inhibiting clathrin assembly (28) . Treating MDA-MB-231 cells with Pitstop2 caused a statistically significant inhibition of ADAM9 internalization ( Fig. 1, B and C), indicating that ADAM9 is internalized, at least in part, through CME. To validate the inhibitory effect of Pitstop2 on CME, membranes were re-blotted for the transferrin receptor (TfR) (Fig. 1, B and D) , which is known to be internalized through this pathway (29) . Because Pitstop2 does not selectively inhibit CME (30), we next knocked down clathrin heavy chain (CHC). Confirming that ADAM9 is internalized through CME, CHC depletion inhibited ADAM9 internalization ( Fig. 1, E and F) .
Because ADAM9 was found to be constitutively internalized, we next investigated whether ADAM9 can be recycled to the cell surface. Using a biotinylation-based recycling assay ( Fig.  2A) , it was evident that ADAM9 is recycled back to the cell surface following internalization (Fig. 2B ). Quantification of ADAM9 recycling showed that ϳ40% of the amount internalized after 15 min is recycled back to the plasma membrane and ϳ60% after 30 min (Fig. 2C ). To examine degradation of ADAM9, cells were surface labeled and treated with the proteasomal inhibitor MG132, the lysosomal inhibitor chloroquine, or vehicle control (DMSO). Clearly, both inhibitors reduced degradation of ADAM9 as compared with control, with lysosomal inhibition having the most prominent effect after 5 h treatment, whereas inhibiting the proteasome had a larger effect on ADAM9 levels at 15 h of treatment ( Fig. 2D ).
Because the route of internalization may determine the fate of cargo proteins (31, 32) , it was investigated whether ADAM9 undergoing CME is destined toward a specific degradation route. To study this, we knocked down CHC in combination with MG132, chloroquine, or vehicle treatment and incubated cells for 5 h. Silencing of CHC prevented degradation of ADAM9 to the same degree as the two inhibitors ( Fig. 2E ). Moreover, blocking CME diminished the effect of inhibiting both types of protein degradation (Fig. 2 , E and F). Together, these findings indicate that ADAM9 internalized via CME is sent for degradation if not recycled back to the cell surface.
The interaction of ADAM9 with sorting nexin 9 and 18 regulates its endocytosis
ADAM9 was previously reported to interact with the intracellular sorting protein SNX9 (27) , which plays an important role during clathrin-dependent internalization (33) . To examine a potential role of SNX9 and its close homolog SNX18 in ADAM9 endocytosis, we first confirmed the protein interaction by co-immunoprecipitation ( Fig. 3 , A-C). To stabilize the interaction and trap endogenous protein-protein interactions in their correct cellular compartment, cells were treated with a cell-permeable cross-linker prior to lysis. Shown in Fig. 3A , both SNX9 and SNX18 were immunoprecipitated in a complex with ADAM9. Performing the reverse experiments, we found that SNX9 and SNX18 were both able to pulldown pro-and mature ADAM9, yet both apparently more efficiently the proform ( Fig. 3 , B and C).
As mentioned, SNX9 and -18 both play a role in CME (34, 35) . We therefore wanted to examine how knockdown of SNX9 and SNX18 affected the internalization and recycling of ADAM9 ( Fig. 4 , A and D). Neither SNX9 nor SNX18 silencing alone had any effect on internalization ( Fig. 4 , B and E) or recycling ( Fig. 4 , C and F) of ADAM9. However, demonstrating a redundant role of SNX9 and SNX18 in CME, knockdown of both proteins caused a significant decrease in ADAM9 internalization without affecting recycling to the cell surface ( Fig. 4 , G-I).
Loss of sorting nexin 9 increases ADAM9 cell-surface levels
In addition to its role in ADAM9 internalization, loss of SNX9 expression appeared to increase overall ADAM9 levels ( Fig. 4A ). To further examine this effect, we first quantified the amount of mature cell-surface localized ADAM9 after knockdown of SNX9 or SNX18. Silencing of SNX9 or -18 both resulted in a statistically significant increase in ADAM9 at the cell surface, with SNX9 showing the largest effect of ϳ3-fold increase (Fig. 5, A and B) . Not only cell-surface localized ADAM9, but also total amounts of both pro-and mature cellular ADAM9 levels were up-regulated in SNX9 knockdown cells as compared with control-treated cells (Fig. 5, C and D) . Quantitative PCR analysis showed that siRNA-mediated silencing
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reduced the SNX9 mRNA expression ϳ90%, whereas not significantly affecting the ADAM9 mRNA level ( Fig. 5E ). Together, these findings confirm that SNX9 regulates ADAM9 at the overall protein level.
Given the observed redundancy of SNX9 and SNX18 regulating ADAM9 internalization ( Fig. 4 , G-I), the increase in mature ADAM9 levels likely reflects decreased protein turnover (internalization and subsequent degradation). However, this does not explain the observed increase in pro-ADAM9 levels. Because SNX9 can bind the pro-form of ADAM9 ( Fig. 3B ), we speculated whether silencing of SNX9 affected ADAM9 proprotein processing. Indeed, previous findings suggested a functional role of SNX9 in the Golgi compartment (33) and immunofluorescent staining and confocal microscopy indicated a minor overlap between SNX9 and the Golgi marker Golgin-97 ( Fig. 6A ). Although hampered by the lack of suitable ADAM9 antibodies, expression of HA-tagged ADAM9 revealed a certain perinuclear co-localization with both SNX9 and Golgin-97 ( Fig. 6A ).
We then treated control and SNX9 knockdown cells with cycloheximide to block protein translation and subsequently tracked the conversion of pro-to mature ADAM9 by Western blotting (loss of Western band at ϳ100 kDa) ( Fig. 6B ). Within less than 8 h, the substantially higher amounts of pro-ADAM9 in SXN9-depleted cells were processed to the same extend as in control cells, demonstrating an increased rate of ADAM9 maturation ( Fig. 6C ). Although increased ADAM9 maturation contributes to the higher ADAM9 cell-surface levels, the simultaneous increase in pro-ADAM9 is not intuitively explained.
Loss of SNX9 results in increased shedding of the ADAM9 substrate ephrin B4 receptor
ADAM9 exerts it main function at the cell surface. Thus, to examine whether SNX9, by regulating ADAM9 cell-surface levels, controls ADAM9-mediated shedding activities, we used the ephrin B4 receptor with alkaline phosphatase (AP) fused at the N terminus (EphB4-AP) as a known ADAM9 substrate (7, 36) . In line with previous findings, knockdown of ADAM9 expres- Figure 1 . ADAM9 is constitutively internalized in a clathrin-dependent manner. A, MDA-MB-231 cells were labeled with cleavable biotin at 4°C, followed by incubation at 37°C for the indicated times. After incubation, cells were treated with reduction reagent (GSH) to remove noninternalized biotin from the cell surface, except one sample was left to show the total amount on the cell surface at time 0 (total). The time 0 sample was kept at 4°C following biotin removal and served as a control for complete removal of cell-surface biotin. Cells were lysed, biotinylated proteins were precipitated with streptavidin-conjugated agarose beads (pulldown), and analyzed by immunoblotting (IB). Total cell lysates were blotted for ADAM9, and actin on the same membrane served as a loading control. Blots are representative of n ϭ 3 independent experiments. B, MDA-MB-231 cells were surface labeled with biotin as described above, treated with Pitstop2 TM to block CME, followed by incubation at 37°C for the indicated time. Samples were analyzed as in A. Membranes were re-blotted for the TfR. C, quantification of Western blots in B, showing percentage of internalized ADAM9 relative to the total surface amount from cells treated with Pitstop2 TM or vehicle. ADAM9 surface levels were normalized to TCL ADAM9, n ϭ 5. D, quantification of internalized TfR as in C. E, MDA-MB-231 cells were transiently transfected with siRNA against CHC or control siRNA. Cells were surface biotinylated, incubated at 37°C for 30 or 60 min, and analyzed as described in A. F, quantification of Western blots in E, showing the percentage of internalized ADAM9 relative to total surface amount from CHC or control siRNA-treated cells, calculated as in C, n ϭ 4. Plots show individual data, and average values Ϯ S.D., *, p Ͻ 0.05; **, p Ͻ 0.01 (ANOVA).
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sion in MDA-MB-231 cells had no significant effect on EphB4-AP shedding (Fig. 7, A and B ), yet overexpression of WT ADAM9 in HEK293-VnR cells led to a substantial loss of ephB4-AP protein from cell lysates ( Fig. 7C ) and a correspondingly increased AP activity in conditioned cell medium ( Fig.  7D ), as compared with mock transfection or cells expressing a catalytically inactive ADAM9 mutant.
Using the same cell-based assay, cells were treated with SNX9 or control siRNAs with or without the metalloprotease inhibitor Batimastat. Interestingly, silencing SNX9 expression reduced the amount of EphB4-AP in the cell lysate ( Fig. 7E ), whereas causing a corresponding increase in AP activity in conditioned cell medium (Fig. 7F ). The observed effects of SNX9 loss were completely blocked by treating the cells with Batimastat ( Fig. 7 E and F) , strongly implicating SNX9-dependent ADAM9 activity in this proteolytic event.
Discussion
ADAM9 is an important proteolytic enzyme, whose main functions are exerted at the cell surface. Here, ADAM9 sheds several transmembrane substrates and interacts with other cellsurface receptors (7, 17, 37) . Under normal circumstances, ADAM9 acts to maintain tissue homeostasis (6, 38) . However, ADAM9 is found overexpressed in a variety of different cancers, e.g. breast and prostate cancer (10, 13, 15, 39) , likely promoting disease progression. Given these important functions, it is of great interest to understand how ADAM9 activity at the cell surface is regulated.
We here identified endocytosis and SNX9-mediated intracellular trafficking as important ADAM9 regulatory mechanisms. Using biotin-labeling to monitor ADAM9 fate, we showed that similar to the situation for ADAM10, ADAM12, and ADAM17 (3, 25, 40) , ADAM9 undergoes a relatively slow constitutive internalization followed by either recycling to the plasma membrane or lysosomal degradation. Using two different ways to block clathrin-mediated internalization, i.e. the inhibitor Pitstop2 and siRNA-mediated knockdown of CHC, we showed that ADAM9 is primarily internalized through CME. Interestingly, both the observed route and relatively slow rate of ADAM9 endocytosis are very similar to the few other MDA-MB-231 cells were surface labeled with biotin, then incubated for 30 min at 37°C. After treatment with reduction reagent, cells were kept at 4°C (cont.) or incubated again at 37°C to let protein recycle to the cell membrane and then stripped again. Cells were lysed, biotinylated proteins were precipitated with streptavidin-conjugated agarose beads (pulldown) and analyzed by immunoblotting (IB). Total cell lysates (TCL) were blotted for ADAM9, and actin on the same membrane served as a loading control. C, quantification of the recycling (loss of band intensity as compared with internalized amounts) from B, n ϭ 3. D, MDA-MB-231 cells were surface labeled with noncleavable biotin, then incubated at 37°C with MG132 or chloroquine (CQ) for the indicated time points and examined as in B. E, MDA-MB-231 cells were transfected with CHC or control siRNA. Cells were treated as in D and incubated for 5 h. F, quantification of ADAM9 levels from E, n ϭ 3. Western blots are representative of n ϭ 3 independent experiments. Plots show individual data, and average values Ϯ S.D., *, p Ͻ 0.05 (ANOVA). IB, immunoblot.
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reports on ADAM endocytosis (3, 25, 39, 40) , suggesting a common endocytic regulation of ADAM proteins.
It was recently discovered that following internalization, ADAM10 and -12 localize within distinct Rab4 and Rab11 GTPase-positive recycling endosomes (3, 41) . We found that ADAM9 is recycled back to the cell surface by 15 min postinternalization, suggesting that ADAM9 traffics via a fast recycling pathway (42) . However, no knowledge on what directs ADAM9 for recycling versus degradation is available and lack of appropriate antibodies against the extracellular part of ADAM9 prevents us from tracking internalized ADAM9 protein by immunofluorescence to determine the exact recycling route. If not recycled, internalized proteins traffic from late endosomes to lysosomes, as is the case for EGFR (43) or they are delivered to the proteasome as seen for the c-MET receptor (44) . Inhibiting lysosomal or proteasomal degradation both resulted in increased ADAM9 protein levels. Yet, knockdown of CHC prevented the effect of blocking both lysosomal and proteasomal degradation, indicating that internalized ADAM9 is degraded via both pathways. Lysosomal degradation of endocytosed ADAM17 was recently reported (39) . For unknown reasons, chloroquine treatment caused a small increase in the amount of pro-ADAM9. The effect of inhibiting the proteasome could reflect changes in de novo synthesized ADAM9 protein. Alternatively, proteasomal inhibition could affect ADAM9 indirectly by preventing the degradation of an ADAM9 regulator.
ADAM9 contains two proline-rich regions in the cytoplasmic tail, known to mediate the interaction with several Src homology 3 domain-containing proteins, such as SNX9 (27) .
SNX9 and SNX18 constitute the ubiquitously expressed Src homology 3 domain-containing SNX9 family and have been previously found to regulate protein internalization and intracellular protein trafficking (34, 45, 46) . Thus, we asked whether SNX9 or SNX18 knockdown would disrupt ADAM9 endocytosis, as has been reported for membrane type 1 matrix metalloproteinase (MT1-MMP) (47, 48) . When knocking down either SNX9 or -18, no statistically significant changes in ADAM9 internalization or recycling were detected. This could in part be due to redundancy between SNX9 and SNX18, so that when one is knocked down, the other takes over (35) . Indeed, double knockdown of SNX9 and SNX18 caused a significant reduction in ADAM9 internalization without affecting recycling, thereby supporting a redundant role of these proteins in CME. Although reduced, a substantial amount of ADAM9 is still endocytosed, suggesting that additional factors are involved. Similar redundancy between sorting nexins is seen for ␤1 integrin, where SNX17 and -31 are both important for recycling (49) .
Intriguingly, our internalization studies revealed an increase in the total amount of ADAM9, when SNX9 was silenced. Exploring this further, we found that SNX9 and to some extend also SNX18 knockdown increased the cell-surface levels of ADAM9. Such cell-surface accumulation could be an effect of blocked ADAM9 internalization. Thus, although both SNX9 and SNX18 had to be depleted to detect a reduction in ADAM9 internalization, it seems likely that SNX9 loss alone interferes enough with the process to cause some ADAM9 accumulation over time. Although this could account for the observed increase in mature ADAM9 levels, it does not intuitively explain the increase in pro-ADAM9 upon SNX9 knockdown.
The pro-form of ADAM9 is retained in intracellular compartments until removal of the pro-domain (9) . In line with earlier reports (27) , we found that both SNX9 and SNX18 interact more efficiently with pro-ADAM9. Immunofluorescent staining and confocal microscopy supported previous indications of a role of SNX9 in the trans-Golgi (33), and showed a partial perinuclear co-localization of SNX9 and HA-tagged ADAM9. Based on these findings, we investigated how ADAM9 maturation (proprotein processing) was affected by SNX9 knockdown. Silencing SNX9 increased the rate of ADAM9 proprotein processing, indicating that SNX9 restricts the maturation of ADAM9 in the secretory pathway. Alternatively, the increased rate of maturation may simply reflect the fact that there is more pro-ADAM9 present when SNX9 is depleted. Although this could contribute to the increase in mature cell-surface localized ADAM9 levels, it does not explain the concurrent increase in pro-ADAM9. Thus, further studies are needed to address a potential effect of SNX9 on ADAM9 biosynthesis and fully uncover the complexity of SNX9-mediated ADAM9 intracellular trafficking.
In summary, we showed that endocytosis constitutes an important ADAM9 regulatory mechanism (Fig. 8 ). Importantly, the well-known endocytic regulators SNX9 and SNX18 exert a somewhat redundant regulatory effect on ADAM9 endocytosis. Additionally, SNX9 seems to control ADAM9 cell-surface levels by limiting ADAM9 proprotein processing in the secretory pathway. The identification of SNX9 family proteins as regulators of ADAM9 intracellular trafficking could 
reflect the need to restrict the shedding activity of ADAM9, which presumably takes place at the cell surface. In contrast to most other ADAMs, ADAM9 is not inhibited by tissue inhibitors of metalloproteases (50), thus likely other ways of controlling its activity exist. Also, our findings are well in line with several recent reports highlighting the importance of intracellular trafficking in the control of ADAM functions (51) . Most strikingly, iRhoms mediate ER to Golgi transit of ADAM17 (52, 53), whereas selective tetraspanins control the transport of ADAM10 (54) . Moreover, the intracellular sort- 
ing protein PACS-2 regulates the endocytic fate of ADAM17 (55) .
An increase in ADAM9 cell-surface levels would presumably increase the shedding of ADAM9 substrates. Indeed, our data demonstrate that loss of SNX9 function results in increased shedding of EphB4, a previously described ADAM9 substrate. Because ADAM9 is up-regulated in many human cancers (10, 12, 56) , whereas SNX9 has been proposed as a tumor suppressor, down-regulated or deleted in a number of tumors (57) (58) (59) (60) , we speculate that oncogenic loss of SNX9 expression could amplify pro-tumorigenic ADAM9 functions.
Experimental procedures
Reagents and antibodies
The metalloprotease inhibitor Batimastat (BB-94) was from Calbiochem. Chloroquine (C6628), MG132 (M7449), Pitstop2 (SML1169), and cycloheximide (C7698) were purchased from Sigma. HALT phosphatase inhibitor mixture was from Thermo Fisher Scientific, and complete EDTA-free inhibitor mixture was from Roche Applied Science. Primary antibodies used for Western blotting were ADAM9 (AF949, R&D Systems), Actin (Millipore, MAB1501), transferrin receptor (Invitrogen, 13-6800), GFP (Clonetech, JL-8), SNX9 (Abcam, ab181856), SNX18 (Abcam, Ab111702), CHC (Abcam, ab21679), AP (Santa Cruz, SC15065), ubiquitin (Santa Cruz, SC8017), Golgin-97 (Cell Signaling Technology, 97537), and HA (Sigma, H6908; Covance, 16B12). Goat control IgG was from Fitzgerald. Secondary rabbit anti-goat HRP-conjugated antibody (P0449) was from Dako, donkey anti-rabbit (NA934) and sheep anti-mouse (NXA931) HRP-conjugated antibodies were purchased from GE Healthcare, whereas mouse negative IgG control and HRP-labeled secondary antibodies were from DAKO.
Cell culture
The human breast adenocarcinoma cell line MDA-MB-231 was obtained from American Type Cell Culture (ATCC). Human epithelial HEK293-VnR cell line stably expressing the vitronectin receptor (␣V␤3 integrin) was a kind gift from Professor Archana Sanjay (61) . All cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco), supplemented with 10% fetal bovine serum (HyClone). Cells were maintained at 37°C and 5% CO 2 humidified atmosphere.
Expression constructs and siRNAs
Mammalian expression constructs for full-length mouse ADAM9 (mADAM9) in pcDNA3 and EphB4-AP were kindly provided by Professor Carl Blobel (Hospital for Special Surgery, New York) and previously described (7) . Mouse ADAM9-HA and ADAM9-GFP were kind gifts from William R. English and Gillian Murphy (Cambridge University, UK). The ADAM9-GFP catalytically inactive (EA) mutant was generated by mutating glutamic acid at position 348 to alanine, using the Phusion High-Fidelity kit (Thermo F530S) and the following primers: forward, 5Ј-cattgttgctcatgcattggggcataac-3Ј; reverse, 5Ј-gatgcaaatgtctccacagtgatttgcc-3Ј, and confirmed by sequencing. Sorting Nexin 9 with His 6 tag (His 6 -SNX9) was purchased from Addgene (number 34690) and kindly shared by Sandra Schmid (UT Southwestern Medical Center, Dallas, TX). Sorting nexin 18 with a Turbo GFP tag (SNX8-tGFP) was purchased from OriGene (RG219205). pEGFP-N1 (Clontech) and empty pcDNA3 (RZPD) were used as empty vector controls. siGENOME SMARTpool siRNA's from Dharmacon against Figure 5 . Loss of sorting nexin 9 increases ADAM9 cell-surface levels. A, MDA-MB-231 cells were transiently transfected with SNX9, SNX18, or control siRNA. Cells were surface labeled with noncleavable biotin at 4°C, lysed, and biotinylated proteins were precipitated with streptavidin-conjugated agarose beads (pulldown) and analyzed by immunoblotting (IB). Actin blotted on the same membrane was used as a loading control. B, quantification of cellsurface ADAM9 normalized to actin, n Ͼ 4. C-E, MDA-MB-231 cells were transfected with SNX9 or control siRNA. C, total cell lysate was blotted for the expression of pro-and mature ADAM9, n ϭ 6. D, quantification of total cell lysate of ADAM9 (pro and mature) relative to actin blotted on the same membrane, serving as a loading control. E, mRNA expression of ADAM9 and SNX9 were analyzed by qRT-PCR, n ϭ 4. GAPDH was used as a control. Plots show individual data, and average values Ϯ S.D., **, p Ͻ 0.01; ***, p Ͻ 0.005 (ANOVA).
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CHC, SNX9 and -18 were used to silence gene expression, whereas MISSION siRNA Universal Negative Control (Control siRNA) (Sigma) was used as control siRNA.
Transfections
HEK293-VnR cells were grown to 70% confluence and transfected with plasmids using X-tremeGENE 9 DNA Transfection Reagent (Roche Applied Science) and Opti-MEM (Gibco) according to the manufacturer's instructions. Experiments were carried out at either 24 or 48 h after transfection. For siRNA-mediated knockdown, cells were seeded in 6-cm dishes at 5 ϫ 10 5 cells per dish the day before transfection. For transfection with CHC, SNX9 and -18 siRNAs (50 pM), INTERFERin (Polyplus) and Opti-MEM Medium were used according to the manufacturer's instructions. Seventytwo hours after transfection, cells were trypsinized and reseeded at 6 ϫ 10 5 cells per 6-cm dish, and the following day re-transfected with siRNA again. Experiments were carried out 48 -72 h after the second round of transfection.
Cell-surface biotinylation assays
MDA-MB-231 cells were grown in normal growth medium in 6-cm dishes to 80 -100% confluence. The cells were transferred to 4°C and washed twice with cold phosphate-buffered saline (PBS). Cell-surface proteins were labeled with 2 ml of 0.2 mg/ml of noncleavable EZ-Link TM Sulfo-NHS-LC-Biotin (Pierce 22335) in cold PBS for 30 min at 4°C. Unbound biotin was quenched of by washing three times in 100 mM glycine in cold PBS. Finally, cells were lysed in RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1ϫ complete EDTA-free inhibitor mixture).
Cell lysates were cleared by centrifugation for 10 min at 16,000 ϫ g and examined by Western blotting.
Internalization and recycling assays
MDA-MB-231 cells were grown in normal growth medium in 6-cm dishes to 80 -100% confluence. The cells were transferred to 4°C and washed twice with cold PBS. Cell-surface proteins were labeled with 2 ml of 0.05 mg/ml of cleavable EZ-Link TM Sulfo-NHS-SS-Biotin (Pierce 21331) in cold PBS for 30 min at 4°C. Unbound biotin was quenched off by washing three times with 100 mM glycine in cold PBS. Pre-warmed serum-free DMEM was added to the cells (3 ml/dish) and biotin-labeled surface proteins were allowed to internalize at 37°C for varying time points. Internalization was stopped by transferring cells to 4°C. Surface biotin was removed by washing three times for 10 min in cold stripping buffer (50 mM L-GSH reduced, 75 mM NaCl, 75 mM NaOH, 1% bovine serum albumin (BSA), and 10 mM EDTA, pH 8.0). The total amount of surface biotinylation was detected by keeping a dish on ice after biotin labeling and omitting treatment with stripping buffer. To verify proper removal of surface-labeled biotin, a dish kept on ice after biotin labeling was washed three times with stripping buffer. Following treatment, cells were washed three times in cold PBS and lysed in RIPA buffer.
For inhibition of clathrin, biotin-labeled cells were preincubated at 4°C for 15 min with 30 M Pitstop2 in serum-free medium. After incubation, cells were transferred to 37°C and new pre-warmed serum-free medium with 30 M Pitstop2 was added to the cells. Cells were incubated for the indicated time points. For recycling assays, biotin-labeled surface proteins 
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were allowed to internalize at 37°C for 30 min. Surface biotin was removed as described above. Following treatment with stripping buffer, cells were washed once in cold medium. Prewarmed serum-free growth medium was added and the cells incubated at 37°C for the indicated time points. After incubation cells were washed three times at 10 min with stripping buffer to remove recycled biotin-labeled proteins, washed three times in cold PBS, and lysed in RIPA buffer. For some recycling assays, a dish was kept at 4°C following preinternalization and subjected to stripping buffer to ensure no recycling at 4°C.
For all experiments, cell lysates were cleared by centrifugation for 10 min at 16,000 ϫ g. Lysates were subjected to BCA assay (Pierce) according to the manufacturer's protocol and equal protein amounts were incubated with streptavidin-conjugated agarose beads (Sigma S1638) for 2 h at 4°C. Beads were washed three times in RIPA buffer and bound proteins eluted in 5ϫ Laemmli sample buffer (0.3 M Tris, pH 6.8, 20% glycerol, 2% SDS, 0.01% bromphenol blue, 5% 2-mercaptoethanol). Samples were analyzed by Western blotting.
Co-immunoprecipitation
For all co-immunoprecipitation experiments, cells were treated with a cell-permeable cross-linker prior to lysis, to stabilize and trap protein-protein interactions in their correct cellular compartments. In brief, cells were washed twice in PBS and incubated in 10 M Lomant's reagent (dithiobis(succinimidyl propionate), Pierce number 22585) in PBS at room temperature for 30 min, washed three times with cold glycine-PBS, and lysed in modified RIPA (mRIPA) (50 mM Tris, pH 7.4, 150 mM NaCl, 0.5% Igepal (Nonidet P-40), 1ϫ cOmplete EDTA-free inhibitor mixture) supplemented with 1ϫ Halt phosphatase inhibitor. Cell lysates were cleared by centrifugation for 10 min at 16,000 ϫ g. Supernatants were incubated with antibodies for 2 h at 4°C with gentle agitation. Protein G-Sepharose TM 4 Fast Flow beads (GE Healthcare) were added followed by incubation for an additional hour at 4°C. Beads were washed three times in mRIPA buffer. Bound proteins were eluted in 5ϫ Laemmli sample buffer, followed by Western blot analysis.
SDS-PAGE and Western blotting
Proteins were separated by 7.5 or 10% reducing SDS-PAGE and transferred to Hybond-ECL nitrocellulose (Amersham Newly synthesized pro-ADAM9 is matured during secretion to the cell surface by prodomain cleavage in the Golgi compartment. Mature cell-surface localized ADAM9 is then constitutively internalized via a clathrindependent mechanism, followed by either recycling or intracellular degradation. Our findings indicate that an interaction between ADAM9 and the intracellular sorting proteins SNX9 or SNX18 is required for optimal internalization. Moreover, SNX9 may have an additional effect, binding pro-ADAM9 in an intracellular compartment (possibly Golgi) to regulate its processing. Combined, SNX9 serves to restrict the amount of ADAM9 and hence ADAM9mediated shedding activities at the cell surface.
SNX9 regulates intracellular trafficking of ADAM9
Biosciences, 0.45 m). The membranes were blocked in 5% skim milk or BSA in Tris-buffered saline containing 0.1% Tween 20 (TBS-T). Membranes were incubated overnight at 4°C with primary antibodies, followed by incubation with the appropriate HRP-conjugated secondary antibodies (DAKO). Images were acquired using either a LAS4000 (GE Healthcare) or Hyperfilm ECL high performance chemiluminescence film (GE Healthcare) and a Valsø X-Ray (Ferrania, Valsoe X-ray). Band intensities were determined by densitometric analysis using Total Lab. Blots shown are representative of at least three independent experiments.
Immunofluorescence staining
Glass coverslips were coated with fetal bovine serum for 1 h at 37°C, and subsequently washed with PBS. Cells were cultured on coated glass coverslips overnight, washed twice in PBS, fixed in 4% paraformaldehyde for 10 min at room temperature, and permeabilized in 0.2% Triton X-100 for 10 min. Free aldehyde groups were quenched by incubation with 0.1 M NH 4 Cl in PBS for 10 min and blocked in 2% BSA in PBS-T for 30 min, followed by incubation with primary antibody overnight at 4°C. Secondary antibody diluted in blocking buffer containing DAPI were incubated for 1 h at room temperature in the dark. Images were collected by confocal microscopy (Leica SP8) with ϫ63/1.4 oil objective, using Leica imaging software (Leica Application Suite X). Fluorescence intensity (line scan) were quantified along the line on the enlarged images and depicted on the graphs, using ImageJ.
Quantitative PCR
Cells were cultured in 6-well plates, washed twice in cold PBS, and RNA was isolated from cells using RNeasy mini kit (Qiagen, number 74104). cDNA was synthesized using a iScript cDNA Synthesis kit (Bio-Rad, number 170-8890), according to the manufacturer's protocol. Quantitative PCR was performed using SYBR Green (ThermoFisher, number K0221) and the following primers: SNX9, forward (5Ј-caacaatcaccaggttggca-3Ј), SNX9, reverse (5-ttcccagatttggaggcact-3Ј), ADAM9, forward (5Ј-tcccccaaattgtgagactaa-3Ј); ADAM9, reverse (5Ј-tccgtccctcaatgcagtat-3Ј); GAPDH, forward (5Ј-agggctgcttttaactctggt-3Ј); GAPDH, reverse (5Ј-ccccacttgattttggaggga-3Ј). The relative gene expression was calculated using the comparative ⌬⌬C T method. GAPDH was used as reference gene.
Shedding assay
Cells were co-transfected with EphB4-AP and either wildtype (WT) or catalytically inactive (EA) ADAM9-GFP. After 6 h, medium was exchanged to serum-free DMEM with or without 10 nM Batimastat and cells were incubated for 18 h. Supernatant was collected and cleared by spinning down at 1,000 ϫ g for 5 min and cells were lysed in RIPA lysis buffer. AP activity was measured, using SIGMAFAST TM p-nitrophenyl phosphate tablets (Sigma, N1891) in 5 ml of ddH 2 O. Cell lysates (20 l ϩ 30 l of PBS) and supernatant (100 l) were added in triplicates into a flat-bottom 96-well plate, serum-free medium was used for blank values. A 1:1 substrate solution (50 l for lysates, 100 l for supernatant) was added and incubated in the dark at 37°C. Absorbance was measured at 405 nm. Shedding activity was supernatant relative to lysate ϩsupernatant.
Statistical analysis
All plots show individual data and average values Ϯ S.D. Data were analyzed by unpaired Student's t test or analysis of variance ANOVA) with the Tukey's post-test as appropriate, using GraphPad Prism version 7.00 for Macintosh (GraphPad Software). In all cases, p Ͻ 0.05 was considered statistically significant.
